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Introduction
Fluorescein and derivatives of fluorescein are commonly used as fluorescent probes. 1 In this regard, a key issue is the pH of the medium in which the molecule is dissolved. [2] [3] [4] [5] [6] [7] Specifically, the quantum efficiency of fluorescence, φ f , for the neutral molecule is small (~ 0.3 -0.4). 4, 6 However, under alkaline conditions, where the xanthene-related chromophore/fluorophore exists as the anion, φ f is much larger (i.e., 0.92 for fluorescein). 3, 6, 8 This point is illustrated in Figure 1 . Figure 1 . Illustration of the pH-dependent changes in fluorescein that influence the quantum yields of fluorescence and photosensitized singlet oxygen, O 2 (a 1 ∆ g ), production. 7 The principal chromophore/fluorophore/sensitizer in this molecule is the π system of the xanthene-derived moiety.
In an attempt to render this fluorophore more useful under physiological conditions or more acidic conditions in general, it is acknowledged that adding electron-withdrawing halogen atoms to the xanthene-derived moiety reduces the pK a value. This has been explicitly shown, for example, with the difluorinated derivatives Pennsylvania Green 4 and Oregon Green 3 (see structures in Figure 2 ). Thus, the fluorinated derivatives become a more useful probe simply because they are strongly fluorescent over a larger pH range. It has also been shown that, relative to the neutral species, the anion of the xanthene moiety in such fluorescein derivatives is a poor photosensitizer for the production of singlet molecular oxygen, O 2 (a 1 ∆ g ). 7 This is a desirable attribute in many applications; one would want a benign probe that does not generate reactive oxygen species that could perturb the system under study. Correlated to this is the fact that the anion is generally also more stable than the corresponding neutral compound upon prolonged irradiation (i.e., because it does not make much O 2 (a 1 ∆ g ) it does not photobleach as readily). 3, 7 As seen in Figure 2 , Pennsylvania Green and Oregon Green are fluorinated in the 2' and 7' positions of the xanthene moiety. This is important in the context of work published by Sun et al. 3 Specifically, they indicated that fluorination in the 2' and 7' positions had little or no effect on the quantum efficiency of fluorescence relative to the fluorescein dianion (φ f = 0.92), whereas fluorination in the 4' and 5' positions decreased the fluorescence quantum yield appreciably.
As a consequence of some recent work on the development of a fluorescent sensor for O 2 (a 1 ∆ g ), 7 called Aarhus Sensor Green, we set out to investigate properties of 2',4',5',7'-tetrafluorinated derivatives of fluorescein. In contrast to Sun et al., 3 we found that fluorination in the 4' and 5' positions of the xanthene moiety did not have an adverse effect on the fluorescence quantum yield. Our observations were made using the compounds shown in Figure 3 . Following the tradition of nomenclature in this field (e.g., Tokyo, Pennsylvania, and Oregon Greens), we call our parent tetrafluorinated derivative Aarhus Green. Here, we report the synthesis of Aarhus Green and the 5-carboxy derivative of Aarhus Green ( Figure 3) . We also present the results of experiments used to characterize the photophysical and photochemical properties of these compounds. We conclude that tetrafluorination of the xanthene moiety in a fluorescein derivative does not necessarily have adverse effects. Indeed, tetrafluorination can have distinct advantages with respect to difluorinated derivatives and, as such, can be a useful tool in the development of fluorescent probes.
Results and Discussion

Synthesis of Aarhus Green
The approach used to prepare the precursor of the tetrafluorinated xanthene core in Aarhus Green is shown in Scheme 1. Although this approach is based on published procedures, 3,4,7 compounds 4 and 5 are, to our knowledge, novel.
Scheme 1.
General synthetic scheme to prepare the precursor of the tetrafluorinated xanthene moiety used in the preparation of both Aarhus Green and 5-carboxy-Aarhus Green.
For the addition of the aryl group to compound 5, we modified and optimized a procedure originally published by Mottram, et al. 4 (Scheme 2). The subsequent ring closure to make the xanthene-related moiety was achieved using a slight modification of a procedure published by Yang, et al. 9 In this latter case, we prefer the more easily-handled HBr/AcOH instead of BBr 3 for the ring closure (Scheme 2) despite the need for several additions of HBr/AcOH (possibly due to leakage of HBr from the reaction vessel).
Scheme 2. Synthetic scheme to add the pendant aryl group and construct the xanthene-related core in both Aarhus Green and 5-carboxy-Aarhus Green. For the preparation of Aarhus Green, 2-bromotoluene was used in the first step, whereas compound 9 was used for the preparation of 5-carboxy-Aarhus Green.
Synthesis of 5-carboxy-Aarhus Green
To render a given fluorescent probe more useful, it can be helpful to append a group that facilitates further functionalization reactions (e.g., attach the probe to a protein). For these fluorescein derivatives, a carboxyl group often works well. 4, 10 As such, we set out to also prepare 5-carboxy-Aarhus Green.
To this end, the procedure shown in Scheme 2 was also used. However, to add the properly functionalized pendant aryl group, the ester 9 shown in Scheme 3 was used instead of 2-bromotoluene used in the preparation of Aarhus Green. In the ring closure reaction shown in Scheme 2, this ester is hydrolyzed to yield the desired carboxy group.
Scheme 3. Procedure to prepare the pendant aryl group used for the synthesis of 5-carboxyAarhus Green.
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It is important to note that, using this procedure, we only obtain the 5-carboxy isomer. In the approach used by Sun et al. 3 to prepare the corresponding carboxylated 4',5'-difluoro Oregon
Greens, a mixture of the 5-and 6-carboxy isomers are obtained ( Figure 2 and Scheme 4).
Scheme 4.
Illustration of the process used by Sun et al. 3 to make the carboxylated 4',5'-difluoroOregon Green that results in a mixture of the 5-and 6-carboxy isomers.
Photophysical and photochemical properties: absorption and emission spectra
The absorption and emission spectra of Aarhus Green are shown in Figure 4 . The data obtained are consistent with those from other fluorinated derivatives of fluorescein. Photophysical and photochemical properties: fluorescence quantum yields Quantum yields of fluorescence were determined for selected fluorescein derivatives at pH 7.4 (i.e., phosphate buffered solutions) and at pH 5.0. These experiments were performed using an alkaline H 2 O-based solution of fluorescein as the standard with φ f = 0.92 ± 0.02. 8 The data obtained are shown in Table 1 . Let us first consider the data recorded under more alkaline conditions. It is clear that for the 2',7'-difluoro substituted compound 5(6)-carboxy-Oregon Green, data we recorded are consistent with the data of Sun et al. 3 In short, we both agree that this compound is highly fluorescent with φ f = 0.92.
However, our results differ from those of Sun et al., 3 when considering the 4',5'-difluorinated and 2',4',5',7'-tetrafluorinated derivatives. To emphasize these data in particular, they are presented in bold font in Table 1 . The data recorded by Sun et al., indicate that when the xanthene moiety is fluorinated in the 4' and 5' positions, the quantum yield of fluorescence is comparatively small (0.43 and 0.59 for the examples shown in Table 1 ). Indeed, these results contributed to their overall conclusion that fluorination in the 4' and 5' positions adversely influences the fluorescence yield. It is also interesting to note that their data were recorded at the more alkaline pH value of 9 which should drive the equilibrium shown in Figure 1 further to the more fluorescent anionic forms. In contrast, data we recorded from compounds fluorinated in the 4' and 5' position all have much larger quantum yields of fluorescence than the corresponding compounds of Sun, et al. For example, Aarhus Green has a quantum yield of 0.79 ± 0.04 and 4',5'-difluoro-Oregon Green (i.e., tetrafluorofluorescein) has a quantum yield of 0.95 ± 0.05. Admittedly, we did not examine the exact same compounds studied by Sun et al. Specifically, the dicarboxylated pendant phenyl group in the compounds they studied might contribute to the smaller values of φ f that they report. Nevertheless, our data certainly indicate that 4' and 5' fluorination on the xanthene moiety does not always have an adverse effect on the fluorescence quantum yield of a fluorescein derivative. The data in Table 1 also appear to show one arguably expected advantage of using a tetrafluorinated derivative. The fluorescence quantum yields of both Aarhus Green and 5-carboxy-Aarhus Green do not decrease as the pH is decreased from 7.4 to 5. This presumably reflects the fact that the four electron withdrawing fluorine atoms further stabilize the xanthenederived anion reducing the pK a value of the compound. On the other hand, the fluorescence quantum yield of 5(6)-carboxy-Oregon Green, which is a difluorinated compound, decreases slightly as the pH is reduced to a value of 5. These points are supported by titration curves shown in Figure 5 . A complicating caveat here is that we also observe a slight decrease in the fluorescence quantum yield for 4',5'-difluoro-Oregon Green. To account for this observation, we can only speculate that the ortho-substituted carboxyl group in the pendant aryl group of the Oregon Greens imparts unique behavior that sets them apart from the Aarhus Greens that have a methyl group in this same position. 
Photophysical and photochemical properties: singlet oxygen quantum yields
In a previous study, we demonstrated that the cumulative addition of more fluorine atoms to the xanthene chromophore in fluorescein derivatives also influences the quantum yield of sensitized O 2 (a 1 ∆ g ) production, φ ∆ . 7 In short, by shifting the pK a to smaller values, one favors the formation of the xanthene-derived anion over a larger pH range (see Figure 1 ) which, in turn, is a poorer O 2 (a 1 ∆ g ) sensitizer than the neutral form of the chromophore. 7 The data shown in Table 1 are also consistent with the model. Specifically, 5(6)-carboxyOregon Green, which is a difluorinated compound, sensitizes the production of O 2 (a 1 ∆ g ) with a yield of 0.26 at pH 4.7. However, the three tetrafluorinated compounds examined in this study all have yields of sensitized O 2 (a 1 ∆ g ) production that are much smaller at pH 4.7.
Photophysical and photochemical properties: photobleaching
Another important parameter of a molecule used as a fluorescent probe is the extent to which it degrades (i.e., bleaches) upon prolonged irradiation. 1, 12 Although many events can contribute to this potentially complicated process, there is no doubt that the photobleaching process is generally exacerbated in oxygen-containing solutions and under conditions in which an excited state of the probe can sensitize the production of O 2 (a 1 ∆ g ).
In an attempt to quantify the relative susceptibility of selected fluorescein derivatives, including Aarhus Green and 5-carboxy-Aarhus Green, to photobleaching, we used a technique published by Sun et al. 3 in which percent changes in the fluorescence intensity of the compound were monitored as a function of elapsed irradiation time. The resultant data, shown in Table 2, indicate that fluorination indeed also imparts greater photostability to the fluorescein derivative. This conclusion is consistent with those of Sun et al., 3 and Mottram et al. 
Conclusions
We have prepared and characterized new fluorinated derivatives of fluorescein that have desirable properties for use as a fluorescent probe. Most of these properties reflect the fact that the xanthene-derived chromophore/fluorophore has been substituted with four fluorine atoms. Moreover, we demonstrate that the placement of fluorine atoms at the 4' and 5' positions on the xanthene moiety in the fluorescein derivative does not necessarily have an adverse effect on the quantum yield of fluorescence. Given the properties of Aarhus Green reported herein, it could also serve as a useful fluorescence quantum yield standard over a large pH range.
Experimental Section
General. The instrumentation and approaches used to quantify fluorescence quantum yields and O 2 (a 1 ∆ g ) quantum yields have been reported previously. The general methods used for the preparation, isolation, purification and characterization of our compounds have likewise been reported previously. 7 Briefly, air-and moisture sensitive reactions were conducted in flame-dried glassware under an atmosphere of argon. Anhydrous solvents were dried over aluminum oxide and dispensed from a solvent purification system. All other chemicals were used as received without further purification. Flash chromatography was carried out on silica gel 60 (230-400 mesh). TLC analysis was conducted on silica gel coated aluminum foil (Kieselgel 60 F254). Microwave heated reactions were performed using a Biotage 
2,4,5,7-Tetrafluoro-6-hydroxy-9-(o-tolyl)-3H-xanthen-3-one (Aarhus Green).
A round bottomed flask was flame dried and flushed with argon. 2-Bromotoluene (129 µL, 1.07 mmol) which was dissolved in dry THF (5.3 mL) was added to the flask under an argon atmosphere and cooled in a dry ice/acetone bath. n-BuLi (1.6 M in hexane, 668 µL, 1.07 mmol) was slowly added to the cooled reaction mixture. Upon stirring for 1 h a solution of 5 (40 mg, 0.107 mmol) dissolved in dry THF (0.5 mL) was added slowly. The reaction was allowed to reach room temperature overnight, upon which it was quenched with slow addition of water. 3 The characterization data obtained for the compound prepared were in accord with what had been published.
